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Empirical relations among scattering, roughness
parameters, and thickness of aluminum films
J. 1. Larruquert, J. A. Mndez, and J. A. Azndrez
Experimental measurements of the angular distribution of scattering and scanning electron microscopy
pictures of thin aluminum films were used to relate the total integrated scattering and the statistical
parameters of the surface roughness to the film thickness.
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1. Introduction
Aluminum mirrors reflect electromagnetic radiation
from the microwave to the far-ultraviolet (FUV)
regions. Their surface shows a short-scale rough-
ness that results in a certain decay of the specular
reflectance and the appearance of scattered light.
This degradation increases rapidly from the visible to
the UV region.
At the moment we are initiating the preparation of
ultrahigh-vacuum-deposited aluminum mirrors in or-
der to measure their FUV reflectance with special
attention being paid to the surface roughness that is
required. To obtain a first approach, we started
with a preliminary study on scattering in the visible
spectral range of high vacuum-deposited aluminum
films. In the future we expect to complete this study
in the FUV.
The roughness of a thin aluminum film is deter-
mined by many factors1-3 such as the deposition
method, the rate and angle of deposition, the thick-
ness of the layer, the type of substrate, its roughness,
its temperature during deposition, the surrounding
atmosphere during deposition, and aging. In this
paper we study the dependence of the total integrated
scattering (TIS) and the surface-roughness param-
eters of aluminum mirrors versus film thickness,
keeping as a constant the rest of the parameters
mentioned above.
By observing scanning electron microscopy (SEM)
pictures of aluminum films, we get information on
the lateral size of aluminum crystals. Measure-
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ments of the angular distribution of scattering of
each mirror with visible light are used to calculate the
surface-roughness parameters and the TIS.
2. Relationship between the Angular Distribution
of Scattering and Surface-Roughness Parameters
Mirror surfaces have microirregularities that give
rise to scattered light from the specular direction.
The surface profile determines the angular distribu-
tion of scattering and TIS.
In order to simplify the description of the profile,
we suppose that the height of microirregularities
with respect to as the mean plane follows a Gaussian
statistical distribution. The roughness of the sur-
face is described by its autocovariance function G,
defined as follows:
G(T) = A f f dxdyh(r)h(r + 4), (1)
where h is the height distribution function of the
surface roughness with respect to the mean level and
A is the total area whose autocovariance is searched
(A is supposed to be much greater than Jr 1 2).
For thin aluminum films grown on smooth sub-
strates, the scattered intensity is a small fraction of
the incident light. Hence, the angular distribution
of scattering can be calculated by means of a first-
order perturbation vector scattering theory in terms
of the autocovariance function of the surface.
The presence of surface roughness also permits the
incident radiation to excite surface polaritons. Par-
tial reradiation of this energy, caused by surface
polariton decay, is added to the roughness-induced
scattering and masks it.45 For the films with which
we are dealing, the reradiation can be neglected in the
calculation of the angular distribution of scattering in
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the visible spectrum for smooth aluminum surfaces
since the aluminum surface polariton wavelength is
much shorter than the visible wavelength (p = 118
nm) and reradiation is a second-order function of the
surface-roughness parameters.5
Here we reproduce the expression to obtain the
normalized first-order perturbation angular distribu-
tion of scatterings:
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Po is the incident intensity, e is the complex dielectric
constant, 00 is the polar angle of incidence with
respect to the mean surface normal, 0 and 4 are the
polar and azimuthal angles of scattering with respect
to the mean surface normal and the plane of inci-
dence, and cj' is the polarization angle of the incident
beam relative to the plane of incidence. ko = (/c)sin
00, q0 = (/c)cos 0o, k = (/c)sin 0, and q = (/c)cos 0
are the components of the wave vector parallel and
perpendicular to the surface for incident and scat-
tered light. v = [k02 - e(o/c) 2 ]1/2 and v = [k2 -
e(W/c) 2]'/ 2 . g is the power spectral density, that is,
the Fourier transform of the autocovariance func-
tion.
TIS is obtained by integration of the normalized
angular distribution of scattering in the scattering
hemisphere:
1
TIS = -
Po fiSH (dd)Q
spectral density is
g(k) = ro,2T2 exp(-k 2 T2 /4). (7)
3. Experimental
A. Preparation of Mirrors
Aluminum films were deposited in a high vacuum
system at a pressure of 10-6 Torr. With a tung-
sten filament, we evaporated aluminum of 99.99%
purity and deposited it onto floated glass substrates
placed normal to the direction of the incoming alumi-
num. A thickness controller monitored the deposi-
tion rate and the accumulated thickness. The thick-
nesses of aluminum films were measured a posteriori
by Tolanski interferometry. A thermocouple was
used to measure the temperature of the substrate
during evaporation. After deposition, the alumi-
nized samples were extracted from the vacuum cham-
ber.
A total of 27 aluminum films were deposited on
separate substrates, with a thickness range of 41 to
5000 nm being covered. The deposition rate was
rounded off to 10 nm/s. The heat radiated by the
filament during evaporation slightly increased the
final substrate temperature. This increment, 15'C
for the thickest films, was considered negligible in the
process of modeling the surface profile.
B. Scanning Electron Microscopy Analysis
In order to describe the roughness of the mirrors, we
observed the surface of some of them, chosen with
stepped thicknesses, in SEM. Figures 1-3 corre-
spond to 41-, 500-, and 4120-nm film thicknesses,
respectively.
We can deduce information about the lateral size of
aluminum grain d from them by averaging a large
number of grain widths measured on the pictures.
The autocorrelation length is related to d according
to8
T = d/V27. (8)
C. Measurements of the Angular Distribution of Scattering
Figure 4 shows the setup in which the angular
distribution of scattering was measured. A 514-nm
argon laser light beam was reflected by the aluminum
For symmetry considerations during aluminum film
deposition, we assumed the autocovariance function
to be isotropic, so that G(r) = G(r = ITI) and g(k) =
g(k = Ik I). In addition a Gaussian autocovariance
function is assumed 7 :
G('r) = (, exp(-r 2/T2 ), (6)
where u is the root-mean-square roughness and T is
the autocorrelation length. The roughness of a
slightly rough surface is described by two parameters:
a (gives information of the vertical size of microirregu-
larities) and T (gives their lateral size). The power
100 nm
Fig. 1. SEM picture of a 41-nm-thick aluminum film.
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Di
100 nm
Fig. 2. SEM picture of a 500-nm-thick aluminum film.
mirror at an angle of incidence of 00 = 5. The
sample mirror S was mounted on a rotatable sample
holder RSH. Detector D2, mounted on a goniometer,
was used to measure the light scattered by the mirror
for a set of scattering angles in the plane of incidence
( = 0°). Chopper C and a lock-in amplifier LA were
used to increase the signal-to-noise ratio. Another
detector D1 was used to monitor the intensity varia-
tions of the incident beam. Pinhole P1 was used to
filter the laser beam. The incident beam was polar-
ized perpendicular to the plane of incidence (+' = 900).
The angular distribution of scattering of aluminized
samples was measured within four months after
deposition.
The angular distribution of scattering was calcu-
lated as the scattered intensity measured in each
direction divided by the incident beam intensity and
by the solid angle intersected by the detector. The
scattering angle covered was from 10° to 50° away
from the specular direction.
4. Results and Discussion
A. Calculation of Tfrom Scanning Electron
Microscopy Pictures
Figure 5 shows the values of T, calculated from d by
Eq. (8), versus thickness. A simple and reasonably
good fit can be obtained with the one-parameter
function:
T = 2.8ke (e and T in nanometers),
Cl ~~RSH
L Sp PI B
Fig. 4. Setup to measure the angular distribution of scattering:
L, 515-nm argon laser; D1, D2, reference and scattering detectors;
BS, beam splitter; C, chopper; LA, lock-in amplifier; S, sample;
RSH, rotatable sample holder; P1, P2, apertures; N, mean surface
normal; 00, angles of incidence and of specular reflection; 0,
scattering angle.
where e is the aluminum film thickness. The lateral
size of aluminum grains grows monotonically with
thickness in the whole range. T grows quickly when
the thickness of thin films is increased, but the rate of
increase is reduced as films become thicker.
B. Calculation of Surface-Roughness Parameters and TIS
from Measurements of the Angular Distribution of Scattering
1. Aluminum/Substrate Effective Parameters
Equation (2) was used to calculate the surface-
roughness parameters from the angular distribution
of scattering of a film. The problem was overdimen-
sioned: a large collection of scattering angular mea-
surements and two unknowns. A Monte Carlo
method was employed to search the pair {r, T} that
100-
(9)
10-
500 nm
Fig. 3. SEM picture of a 4120-nm-thick aluminum film.
1000
thickness (nm)
Fig. 5. *, Log-log plot of aluminum autocorrelation length values
obtained from SEM pictures versus thickness; solid line, fit of T to
the square root of thickness.
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minimized the error function:
(10)
where {Sil is the set of angular scattering measure-
ments in the directions { OJ, S(0i, oj, Tj) is the angular
scattering calculated in the direction Oi for the pair
{orj, Tj } that is being tested, and r is the error in
iteration j. Along the iterations, the set [cro, Tj}
corresponding to the smallest rj was conserved.
Figures 6-8 show a, T, and TIS [TIS was calculated
from a and T by numerical integration of Eq. (5) and
expressed in percentage relative to the incident inten-
sity] versus the thickness of aluminum films. For
the thickest films, TIS is too large to be described by a
first-order theory, so that the parameters presented
for the thickest films should be interpreted as an
estimation of the real values.
Values of a, T, and TIS obtained were affected by an
important dispersion around central values g, Tg,
and TISg for thicknesses below 500 nm. This is
attributed to the difficulty of controlling all the
parameters concerned in the determination of the
surface roughness and in the presence of macroirregu-
larities in the surface because of defects, scratches,
etc.
However, some interesting deductions can be in-
ferred. Figure 6 shows that the rms roughness
tends to a nonzero value at the lowest film thicknesses.
In Fig. 7 the autocorrelation length takes a large
value at the lowest thicknesses; it diminishes to a
minimum when thickness is increased and begins to
rise for thicker films. However, in Fig. 5 the autocor-
relation length monotonically increases with thick-
ness in the whole thickness range. The explanation
of this apparent contradiction is that the substrates
were not perfectly smooth. For the thinnest alumi-
num films for which aluminum crystals were small,
the main contribution to scattering was that of the
100 -
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Fig. 7. Plot of the autocorrelation length of aluminum films on
glass substrates versus aluminum thickness. Dashed line, sub-
strate autocorrelation length.
substrate roughness. Then the values of a and T at
the lowest film thicknesses corresponded to the rough-
ness of the glass substrate. However, since the
substrate profile had larger spatial wavelengths and
its slope was shorter than those of the aluminum
microstructure, the substrates appeared to be smooth
on the SEM pictures and the roughness observed
corresponded to that of the aluminum film.
Figure 7 can be understood as follows: for thin
aluminum films, T of the substrate dominates over
that of the aluminum film. As the film thickness
increases, the surface becomes rougher and it is no
longer negligible in the determination of scattering.
Since the autocorrelation length of aluminum crys-
tals is smaller than that of the substrate, the com-
bined effect of both microstructures shows an effec-
tive autocorrelation length smaller than that of the
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Fig. 6. Log-log plot of the rms roughness of aluminum films on
glass substrates versus aluminum thickness. Dashed line, sub.
strate rms roughness.
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Fig. 8. Log-log plot of TIS of aluminum films on glass substrates
versus aluminum thickness. Dashed line, TIS that is due to
substrate roughness.
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substrate alone, whereas both ar and TIS are larger
than those of the substrate. As aluminum films
become thicker, the aluminum crystals grow in both
dimensions, so that at a certain thickness the scatter-
ing corresponding to the aluminum microstructure is
greater than that of the substrate. Therefore, after
a minimum in the effective autocorrelation length,
larger thickness implies larger aluminum crystals
and larger autocorrelation length.
The values of ag and Tg for the glass substrate can
be calculated from the averaged scattering angular
distribution of a set with the thinnest films. The
calculated values are ag = 4.9 nm, Tg = 470 nm, and
the corresponding TIS is TISg = 1.4%.
2. Specific Parameters of Aluminum
Since the mean slope of the substrate surface, esti-
mated by the ratio g/Tg - 1%, is small and the
aluminum crystals are smaller than Tg, it can be
considered that the incoming aluminum sees a locally
smooth substrate surface. In this assumption, the
roughness of the deposited film can be supposed
independent of the substrate roughness. This im-
plies that both height distributions are independent
from one another:
h(r) = hl(r) + h2(r), (11)
where h, is the height distribution of the substrate
roughness, independent of h2, the height distribution
of the aluminum film roughness, and h is the com-
bined height distribution. h can be raised to the
same level as that of the outer aluminum surfaces:
h1'(r) = h1(r) + e, (12)
where e is the mean aluminum thickness. We rede-
fine the total height distribution as
h'(r) = hl'(r) + h2(r), (13)
where h' is a zero mean height distribution obtained
by the addition of two zero mean, independent height
distributions. This change allows both mean planes
to coincide.
The autocovariance function of the total roughness
G(r) = G1(r) + G2(r), (14)
100 -
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Fig. 9. Log-log plot of specific rms roughness of aluminum films
versus thickness: *, calculated values from scattering measure-
ments; solid line, fit of a to the square root of thickness.
which results in a separate contribution to scattering
of both microstructures. Equation (16) means that
the angular distribution of scattering is equal to the
sum of the independent contributions of both micro-
structures.
According to Eq. (16) the specific roughness param-
eters of aluminum films, separated from those of the
substrate, can be calculated from the angular distribu-
tion of scattering. Taking a1 = rg and T1 = Tg as the
substrate roughness parameters and calculating the
specific autocorrelation length of aluminum by means
of Eq. (9), one can calculate the specific rms rough-
ness of aluminum by using a Monte Carlo method,
similar to the one described in Subsection 4.B.1 with
only one unknown: of the aluminum film. This
calculation is made for film thicknesses greater than
500 nm, since for these mirrors TIS is sensibly larger
1-1
0N1-11
U)
i____1
E_where G1 and G2 are the autocovariance functions of
the height distributions h1 and h2. The cross terms
are zero since both distributions were supposed to be
independent and of zero mean. Both autocovariance
functions are again supposed to be isotropic and
Gaussian:
G(r) = 12 exp(-'r 2 /T 1 2 ) + a2 2 exp(-r 2/T 2 2).
And the power spectral density is
g(k) = ror12T12 exp(-k 2 T1 2/4)
+ rraT2
2T 2
2
exp(-k 2 T 2 2 /4),
10 -
1-
(15)
(16)
**
1000 10000
thickness (nm)
Fig. 10. Log-log plot of specific TIS of aluminum films versus
aluminum thickness: *, calculated values from measurements of
angular distribution of scattering; solid line, fit of TIS to the square
of the thickness.
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Fig. 11. Plot of rms roughness versus the autocorrelation length
of aluminum films: *, calculated values from measurements of
angular distribution of scattering and SEM pictures; solid line, fit
of T proportional to T; dashed line, extrapolation proposed for
thinner films.
than TISg. Figures 9 and 10 represent the calcu-
lated values of a and TIS aluminum specific param-
eters versus thickness, respectively. Figure 11 shows
the relation between a and T.
Again, simple and reasonably good fits with one-
parameter functions can be obtained to relate a and
TIS with thickness and a- with T:
a = 0.57,/E (e and C in nanometers), (17)
TIS = 5.2 x 10-6 e2
(e in nanometers, TIS in percent), (18)
a = 0.22T (a, and T in nanometers). (19)
Equation (19) shows that aluminum crystals grow
proportionally in both dimensions (this proportional-
ity was also obtained with other techniques such as
microdensitometry7 9and reflectance measurements
for deposits of Au, Mg, Ag, and Cu). It can be
thought that this proportion remains valid for thin-
ner films (but thick enough to form a full layer).
5. Conclusions
The surface roughness parameters of thin aluminum
films versus their thickness were obtained from mea-
surements of the angular distribution of scattering
and of the grain lateral size from SEM pictures. A
first-order perturbation vector scattering theory was
used in the calculations. The surface profile is sup-
posed to have a Gaussian autocovariance function.
The outer surface profile of aluminum film was
determined by the microstructure of the substrate
and that of aluminum crystals. The specific alumi-
num surface-roughness parameters were obtained,
assuming that the height distribution function associ-
ated with the aluminum film is independent from
that of the substrate. Simple empirical expressions
relating surface-roughness parameters, TIS, and
thickness were obtained.
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